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Abstract
We have been developing event-driven SOI Pixel Detectors, named “XRPIX” (X-Ray soiPIXel) based on the silicon-on-insulator
(SOI) pixel technology, for the future X-ray astronomical satellite with wide band coverage from 0.5 keV to 40 keV. XRPIX has
event trigger output function at each pixel to acquire a good time resolution of a few µs and has Correlated Double Sampling
function to reduce electric noises. The good time resolution enables the XRPIX to reduce Non X-ray Background in the high
energy band above 10 keV drastically by using anti-coincidence technique with active shield counters surrounding XRPIX. In order
to increase the soft X-ray sensitivity, it is necessary to make the dead layer on the X-ray incident surface as thin as possible. Since
XRPIX1b, which is a device at the initial stage of development, is a front-illuminated (FI) type of XRPIX, low energy X-ray
photons are absorbed in the 8 µm thick circuit layer, lowering the sensitivity in the soft X-ray band. Therefore, we developed a
back-illuminated (BI) device XRPIX2b, and confirmed high detection efficiency down to 2.6 keV, below which the efficiency is
affected by the readout noise. In order to further improve the detection efficiency in the soft X-ray band, we developed a back-
illuminated device XRPIX3b with lower readout noise. In this work, we irradiated 2–5 keV X-ray beam collimated to 4 µmφ to the
sensor layer side of the XRPIX3b at 6 µm pitch. In this paper, we reported the uniformity of the relative detection efficiency, gain
and energy resolution in the subpixel level for the first time. We also confirmed that the variation in the relative detection efficiency
at the subpixel level reported by Matsumura et al.[1] has improved.
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1. Introduction
Charge-coupled Devices (CCDs) are standard imaging spec-
troscopic detectors for X-ray astronomical satellites. Since the
readout speed of the X-ray CCD is about several seconds, it is
not suitable for the observation of the celestial bodies varying in
a short time of several milliseconds. Therefore, we have devel-
oped XRPIX (X-Ray soiPIXel) which is an event-driven pixel
detector using SOI (Silicon On Insulator) technology as a de-
tector for future wide band X-ray astronomical satellites[1–10].
By implementing the trigger output function in each pixel, XR-
PIX can selectively read out only the signal of the X-ray event
and can obtain high time resolution of several microseconds.
With this high time resolution, anti-coincidence processing can
be performed with other detectors, it is expected to be able to
reduce non X-ray signals.
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Figure 1: Schematic diagram of XRPIX when X-ray is irradiated from the back
side (sensor layer side).
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Figure 2: Schematic view from the top of experiment setup of BL-11B. XR-
PIX3b was irradiated with X-ray beams of 2.1 keV and 5.0 keV collimated to
4 µmφ. In this experiment, we moved the stage at 6 µm pitch and irradiated the
beam at a maximum of 3×3 pixels (255 spots in total).
Figure 1 shows a schematic diagram of back-illuminated (BI)
type of XRPIX. XRPIX is a CMOS sensor having a sensor layer
with a thickness of several hundreds of micrometers and a cir-
cuit layer with a thickness of about 8 µm. A thin P layer called
BPW (Buried P-Well) is formed in the sensor layer right above
the CMOS circuit. The BPW functions to suppress the back
gate effect by stabilizing the potential[11]. The specifications
of XRPIX are summarized in Table 1.
Since the circuit layer is composed of an 8 µm thick silicon,
low energy X-rays below 1 keV irradiated from the front side
were absorbed by the circuit layer, lowering the detection effi-
ciency. Therefore, in order to achieve high sensitivity even in
the low energy band, we adopted back-illuminated type of XR-
PIX. In Itou et al. [10], we reported on the X-ray response of
XRPIX2b, the first back-illuminated type of XRPIX. XRPIX2b
was irradiated with X-ray of 2.6–12keV, and it was confirmed
that the sensor layer of 500µm thick was fully depleted, and the
quantum efficiency and the thickness of the dead layer on the
back side was estimated. In Matsumura et al.[1], the difference
of center channel (hereafter peak shift) between the single and
the double pixel event due to electric field distortion was found
in the XRPIX1b which was the front-illuminated (FI) type XR-
PIX, and it was confirmed that the peak shift was improved in
the entire surface irradiation of XRPIX2b in which the pixel
circuit was changed.
In this work, we have evaluated X-ray response characteris-
tics at the subpixel level for the first time using back-illuminated
device XRPIX3b which has low readout noise. In this paper, we
report the evaluation of the relative detection efficiency, gain
and energy resolution of subpixel level in backside irradiation
of XRPIX3b.
2. Experiment with 4 µmφ X-ray beams at KEK-PF
2.1. Basic characteristics of XRPIX3b
XRPIX3b, being used in this research, is a device designed
to improve gain and to reduce readout noise while maintain-
ing charge collection efficiency. XRPIX3b is the first device in
which a CSA (Charge-Sensitive Amplifier) circuit is incorpo-
rated in each pixel, and a pixel circuit is laid out along BPW.
Therefore, half of the X-ray imaging area is composed of the
SF (Source Follower) circuit similar to the XRPIX1b, and the
other half is introducing the CSA circuit. As the gain increased
Figure 3: Readout board and XZ stage. The device is mounted on a black
square table on the left side of the readout board. We plug the Ethernet cable
into the right side of the readout board and read out the data. The XZ stage
can move in the X direction and the Z direction. In this way, we shifted the
irradiation position of the X-ray at a pitch of 6 µm.
due to the introduction of the CSA circuit, we succeeded in
spectroscopy of Mn-Kα and Mn-Kβ of 55Fe for the first time in
the XRPIX series in Takeda et al.[4]. In XRPIX3b, the readout
noise was 35 e− (rms), and the energy resolution was 320 eV in
FWHM at 5.9 keV[4]. In addition, the device used in this work
was made by the FZ (Floating Zone) method, and the resistivity
is 2 kΩ · cm.
2.2. Experimental setup
In order to evaluate the X-ray response at the subpixel level
of the device, it is indispensable to use an X-ray beam which
is monochromatic and parallel light. We used synchrotron radi-
ation to satisfy these conditions. In April 2017, we conducted
experimentswith beamline BL-11B in synchrotron radiation fa-
cility (KEK-PF) of High Energy Accelerator Research Organi-
zation. In BL-11B, we can use monochromatic light in the soft
X-ray region by using a focusing mirror and a high vacuum
double-crystal monochromator[12]. In this experiment, we ir-
radiated X-rays of 2.1 keV and 5.0 keV using Si double-crystal
monochromator.
Figure 2 shows a schematic diagram of experiment setup. We
attached two 4-jaw slits downstream of the beamline BL-11B,
and connected a vacuum chamber to the end. Inside the cham-
ber, we installed a pinhole and XRPIX3b to align with the beam
axis. Here, the pinhole and the device were spaced about 2.5 cm
apart. Figure 3 shows the readout board and XZ stage used in
this experiment. Inside the vacuum chamber, the readout board
is attached to a stage that can slide in the X direction and the
Z direction as shown in Figure 3, and the device attached to the
readout board can also be moved in the X direction and the Z
direction at a few µm scale interval. In this experiment, we
measured the subpixel level X-ray response characteristics of
XRPIX3b by moving the XZ stage at 6 µm pitch, shifting the
irradiation point of the beam. We shaped the beam using two 4-
jaw slits and introduced the beam into the pinhole. The pinhole
was 4 µmφ in diameter and 90 µm in thickness, and the material
of the membrane was gold.
During the measurement, the degree of vacuum in the vac-
uum chamber was about 8.6×10−7 hPa and the temperature of
2
Table 1: Comparison between XRPIX1b, XRPIX2b and XRPIX3b[1, 2, 4, 10].
Specification XRPIX1b XRPIX2b XRPIX3b
depletion layer (µm) 500 500 300
Pixel size (µm × µm) 30.6×30.6 30.0×30.0 30.0×30.0
Format (pixels) 32 × 32 152 × 152 32 × 32
Chip size (mm ×mm) 2.4×2.4 6.0×6.0 2.9×2.9
Illumination type FI BI BI
Resistivity (kΩ · cm) 1 4 2
the device was −70◦C. The XRPIX series has two readout
modes, a frame mode and an event-driven mode. The former
reads out all pixels after a periodic exposure interval, and the
latter reads out only a fired pixel or the inclusive peripheral pix-
els specified just after the triggering. In this experiment, data
was acquired in frame mode in order to read out not only spe-
cific data but all pixels. We applied a back bias voltage of 350V
to the sensor layer. The exposure time per frame was 300µs for
5.0 keV and 900µs for 2.1 keV. Since the intensity of the beam
was greater at 5.0 keV X-ray than at 2.1 keV, the exposure time
per frame is different in order to avoid pile-up. We irradiated
the beam to CSA region of XRPIX3b. The X-rays were pen-
etrated through the back side (sensor layer side) of the device.
For 5.0 keV X-ray, the number of measurement spots over 3×3
pixel area was 225. For 2.1 keV X-ray, the number of measure-
ment spots over approximate 1 pixel area was 55. The number
of frames per one spot was 150000 frames for both 5.0 keV and
2.1 keV.
3. Data analysis and result
3.1. Event selection
When analyzing the data, we first preset event threshold and
split threshold. When the output value of one pixel is larger
than the output values of the neighboring 8 pixels and the preset
event threshold, we extract that event as an X-ray event. Next,
we make a multi-pixel event determination. A multi-pixel event
is an event in which the generated charge is detected across mul-
tiple pixels. When an electron cloud is generated at a position
distant from the circuit layer, it widely spreads until it reaches
the readout nodes on the surface of the sensor layer. In this
case, the charge spreads over multiple pixels and is more likely
to be detected as a multi-pixel event. Because the charges are
collected at multiple readout nodes in a multi-pixel event, it is
necessary to sum up the charges in order to measure the energy
of the incident X-rays. Multiple pixel events are judged depend-
ing on the number of adjacent pixels, whose output exceed the
split threshold. We define single pixel event as the event in that
electric charges are collected within one pixel, and double pixel
event as the event in that the charges are collected within two
pixels. Double pixel event sum up the charges of two pixels.
The total pixel events is the sum of all those multi-pixel events.
In this work, we determined event threshold based on data
acquired without irradiating X-ray beam in KEK-PF. When ac-
quiring data without irradiating X-rays, with an event threshold
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Figure 4: Two-dimensional map of the relative number of single pixel events
against the number of total pixel events at 5.0 keV. The black dotted lines are a
place presumed to be a pixel boundary. Each area is spaced 6 µm at a time.
of 13ADU at least, no signal exceeded the event threshold in
150000 frames. The readout noise in this experiment was 33 e−,
which almost agreed with Takeda et al.[4]. Since the standard
deviation of zero peak was 2.3 ADU, the split threshold was
set to 7ADU which is 3σ so that the contamination of pedestal
becomes about 1% or less. From the above reasons, we de-
cided the event threshold as 13ADU and the split threshold as
7ADU corresponding to 0.7 keV and 0.4 keV, respectively, and
performed data analysis.
3.2. Determination of pixel boundary
Figure 4 shows the fraction of single pixel event at 5.0 keV.
The single pixel event is an event in which the charge generated
by the X-ray is collected within one pixel. Therefore, when the
X-rays hit in the centers of the pixels, the ratio of the single
pixel events to the total pixel events becomes maximum, and
when the X-rays hit in the four pixel boundaries, this ratio be-
comes minimum. In Figure 4, the areas dominated by the single
pixel event are located periodically, and are surrounded by the
areas with a low occurrence probability of single pixel event.
These areas are repeated at a distance of about 1 pixel pitch,
that is, at intervals of 30 µm. Therefore, we considered the area
with the lowest fraction of the single pixel event as pixel bound-
aries. The black dotted lines are the boundary positions.
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3.3. Uniformity of the relative detection efficiency
Figure 5 shows the two-dimensional map of the X-ray count
rate obtained from the beam experiments. We normalized the
photon counts obtained at the different X-ray hit positions, and
plotted them as a two-dimensional map in Figure 5. The left
and the right plots show the photon counts for 2.1 keV X-ray
and 5.0 keV, respectively. In addition, the black dotted lines
indicate the position of the pixel boundary, which are identical
to the lines in Figure 4. The interval between the dotted lines
are 30 µm. Area (a) and area (d) in Figure 5 correspond to the
pixel center, area (b) and area (e) correspond to the two pixel
boundary, and area (c) and area (f) correspond to the four pixel
boundary, respectively.
In the case of irradiating 2.1 keV X-rays, the relative detec-
tion efficiency of the area (b) to the area (a) is 99.0 ± 4.4%
and the relative detection efficiency of the area (c) to the area
(a) is 74.0 ± 3.2%. Similarly for 5.0 keV X-ray irradiation, the
relative detection efficiency of the area (e) to the area (d) was
95.7 ± 2.2% and the relative detection efficiency of the area (f)
to the area (d) was 76.3 ± 1.9%.
3.4. Energy spectrum in subpixel level
We also extracted the energy spectrum of each area. Figure 6
shows a two-dimensional map of 5.0 keV spectrum folded in
one pixel. The horizontal axis of the spectrum is channel and
the vertical axis is the number of counts. The shape of the spec-
trum is sharper at the center of the pixel, and single pixel event
is dominant. The proportion of the double pixel event is large
at the two pixel boundary, and the spectrum is collapsed at the
four pixel boundary.
The peak shift is seen at two pixel boundary and four pixel
boundary. In Figure 6, the peak positions of the single pixel
event and the double pixel event are nearly equal in the left and
right areas of the two pixel boundary, but the peak shift can be
conspicuously seen in the areas around the upper and the lower
two pixel boundaries. This data suggests that there is difference
in charge collection between two cases: dividing the charges
vertically, and dividing the charge horizontally. The cause for
this is under investigation. The peak of the double pixel event
was shifted by about 10%with respect to that of the single pixel
event.
3.5. Uniformity of gain and energy resolution
We examined the uniformity of gain and energy resolution
for 5.0 keV X-ray irradiation. The value in each pixel in Fig-
ure 7 and 8 was derived from the single pixel spectrum in cor-
responding panel in Figure 6.
Figure 7 shows a two-dimensional map of gain. The color
bar on the right side of the two-dimensional map of Figure 7
represents the magnitude of the gain, and the unit is µV/e−. The
gain was derived from the center value of the main gaussian by
using double gaussian fitting for the single pixel event. The sub
gaussian represents the tail structure of the spectrum. It can be
seen that the value of the gain is the largest at the center of one
pixel and the lowest at the four pixel boundary from Figure 7.
The highest gain is 16.866±0.006µV/e−. The area with the
lowest gain is the lower right area, but the deviation from the
pixel center was within about 2.6%.
Figure 8 shows a two-dimensional map of energy resolution
in FWHM at 5.0 keV. As with the gain, we derived it from the
single pixel event. The color bar on the right side represents
the magnitude of the energy resolution, and the unit is the elec-
tron volt. It can be seen that the energy resolution is better at
the pixel center. This is also evident from Figure 6. The area
with the highest energy resolution was the area at the center of
Figure 8, which was 362±2 eV in FWHM at 5.0 keV.
We summed up the spectra of all irradiated areas of 5.0 keV
and found the gain and energy resolution in the same condi-
tion as irradiating X-rays to all the areas. As a result, gain was
16.774±0.004µV/e−, and energy resolution was 374±2 eV.
4. Discussion and Summary
We have been developing XRPIX for wide energy band X-
ray imaging spectroscopy from 0.5 to 40 keV. In the XRPIX3b
used in this work, the energy resolution has been improved to
350 eV by increasing the output gain, and the readout noise is
lower than XRPIX2b in order to realize high sensitivity[10].
The detection efficiency of the back side of XRPIX2b and the
thickness of the dead layer were evaluated in the Itou et al.[10].
In this work, we evaluated the uniformity of the relative detec-
tion efficiency, the gain, and the energy resolution at the sub-
pixel level for the first time by irradiating the XRPIX3b with the
X-ray to the back side. We irradiated this device with 2.1 keV
and 5.0 keV X-rays collimated to 4 µm at KEK-PF.
Figure 9 shows the variation of the relative detection effi-
ciency. A fitting of the histogram of XRPIX3b at 5.0 keV with a
Gaussian function provides the standard deviation of 5.0±0.3%.
The peak-to-peak variation of the relative detection efficiency
was about 43% at 5.0 keV and 38% at 2.1 keV for XRPIX3b.
In addition, Figure 10 shows 4 spectra in which the center
channel of single pixel event at two pixel boundary are set to
1 to compare the peak shifts between the single and the double
pixel event. The magnitude of the peak shifts are about 1.8% at
5.0 keV and 9.5% at 2.1 keV for XRPIX3b, and about 29.0% at
17.7 keV for XRPIX1b. In Matsumura et al.[1], the peak shift
found in XRPIX1b was confirmed to be improved in XRPIX2b
by X-ray irradiation on the entire imaging area of XRPIX2b. In
this experiment, we confirmed that the peak shift is improved
also in subpixel scale in XRPIX3b.
We also evaluated the uniformity of gain and energy res-
olution in one pixel. The gain at the pixel center area was
16.866±0.006µV/e−, and the difference between center area
and the lowest area was about 2.6%. The energy resolution at
the pixel center area was 362±2 eV in FWHM at 5.0 keV, and
the four pixel boundary area which had worst energy resolution
was about 4 times higher value in FWHM than its center area.
Compared to XRPIX1b, the relative detection efficiency
within one pixel and the center channel shift in energy spec-
trum was improved, then we found the charge collection effi-
ciency was improved in XRPIX3b. Since we can expect further
improvements with the latest device that we are developing, we
would like to investigate the device in the future.
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Figure 5: Two-dimensional map of relative detection efficiency. The left panel is a two-dimensional map of the photon count obtained when each position of the
pixel is irradiated with an X-ray beam of 2.1 keV. The right panel is 5.0 keV. We standardized the obtained photon counts with the largest counts and display it as a
two dimensional map. The black dotted line indicates the pixel boundary, and the interval is 30 µm.
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Figure 6: Two-dimensional map of the energy spectrum folded in one pixel at 5.0 keV. The histograms of red, blue, and black represent the single, double, and total
pixel event, respectively. We folded the spectrum of the whole area of Figure 5 into one pixel.
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Figure 7: Two-dimensional map of gain[µV/e−] for 5.0 keV X-ray irradiation.
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irradiation. The value in each pixel in this map was derived from the single
pixel spectrum in corresponding panel in Figure 6. The color bar on the right
side shows the magnitude of the energy resolution.
Figure 9: Variation of relative detection efficiency. The number of detections in
each area of Figure 5 was divided by the median of all areas and displayed as a
histogram. The upper and lower panel shows the variation of relative detection
efficiency of 5.0 keV and 2.1 keV of XRPIX3b, respectively. The vertical axis
represents the number of areas irradiated with X-rays, and the horizontal axis
represents variation in the number of detections of each area with respect to the
median of all areas.
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